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Over the last decades, a few fungal species have been mentioned in the
literature associated with the rubber tree lace bug, Leptopharsa heveae
Drake & Poor (Hemiptera: Tingidae). The rubber plantation area treated
with these biocontrol agents has been steady since the 1990s, estimated in
10,000–15,000 ha per year. A few large-scale rubber operations, one
biocontrol company, and three government-owned laboratories were,
and currently one still is, involved in their commercialization. One species,
currently referred to as Sporothrix insectorum, has been historically
deployed in biocontrol applications in Brazilian rubber farms. However,
L. heveae–infecting isolates have only been identified through morpholog-
ical examinations; therefore, proper molecular assessments are needed
for accurate identifications. Hence, DNA of six L. heveae–infecting isolates
(five of which have been deployed in field applications) were extracted
and sequenced. Multigene phylogeny found that both Simplicillium
lanosoniveum and Cordyceps (formerly Isaria) sp. have been sprayed on
rubber plantations to manage L. heveae populations, although the former
is the only one currently applied. Simplicillium lanosoniveum and
Cordyceps sp. have no relation whatsoever to true Sporothrix species as-
sociated with human and animal diseases. Therefore, our molecular data
may encourage biocontrol companies to register mycoinsecticides target-
ing L. heveae. We also added unpublished historical accounts after con-
tacting key contributors to the launching of this not so well-known bio-
control program in the 1980s.
Introduction
The rubber trees in genus Heveae are native to the Amazon
basin, and H. brasiliensis is considered the most economically
valuable species within this genus due to its high-yield and
high-quality latex (Gonçalves et al 2002). In the 1980s, the
rubber economy in Brazil spread to regions outside the
Amazon rainforest, known as “escape areas” that are char-
acterized by dry periods for part of the year with lower hu-
midities (< 60%) and temperatures (< 20°C), which helps
mitigate the development of the devastating causal agent
of the South American leaf blight, Microcyclus ulei
(Gasparotto et al 1997; de Camargo et al 2003). In the escape
areas, H. brasiliensis is severely attacked by the rubber tree
lace bug, Leptopharsa heveae Drake & Poor (Hemiptera:
Tingidae) (Gasparotto 2003), whose attack can, according
to Moreira (1986), compromise heights and diameters of
seedlings. Under heavy infestation, defoliation of adult trees
may occur (Junqueira et al 1999). According to Junqueira et al
(1999), rubber trees in escape areas usually shed their foliage
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during the dry/cooler season, but trees attacked by lace bug
anticipate this process, and as a consequence, the new
shoots are produced in humid/hotter climates, favoring the
attack byM. ulei and other foliar diseases. Reductions in latex
production as high as 30% may occur when trees are sucked
by lace bug nymphs and adults (Tanzini & Lara 1998).
Tolerant clones, chemical insecticides, and biological strate-
gies have been adopted to manage population outbreaks of
L. heveae (Tanzini 1996, Alves et al 2003, Santos & da Silva
2013).
In 1935, the entomologist Charles H.T. Townsend collected
from native rubber trees in the Amazon an undescribed
tingid, soon after identified as L. heveae (Drake & Poor
1935). Charles H.T. Townsend also sent to Vera K. Charles, a
USDA mycologist, mummified cadavers of L. heveae, likely
collected on the same trip to the Brazilian state of Para,
and based on morphological traits, the causal agent was
identified as a new species, named Hirsutella verticillioides
(Charles 1937). However, at the time, she recognized the
debatable taxonomy due to striking variations in the arrange-
ment of phialides, and highlighted affinities with fungi in
other genera, including Verticillium. Entomopathogenic iso-
lates within Verticil lium currently fall into genera
Akanthomyces (= Lecanicillium) or Simplicillium, according
to taxonomic revisions proposed by Zare & Gams (2001)
and Kepler et al (2017).
In the mid-1980s, the natural occurrence of a fungus caus-
ing an epizootic in nymphs and adults of L. heveae was
reported in rubber trees at a research station run by the
Brazilian Agricultural Research Corporation (EMBRAPA) in
the city of Manaus, state of Amazon (Celestino Filho &
Magalhães 1986). In 1984, the fungus was morphologically
identified by a mycologist from the Universidade Federal de
Pernambuco (UFPE) as being Sporothrix insectorum
(Celestino Filho, personal communication).
In 1990, L. heveae–associated fungal agents from rubber
plantations in the Amazon rainforest in French Guiana and in
Para state were isolated by NTV Junqueira, a plant patholo-
gist with EMBRAPA, and initially identified as H. verticillioides
( Junqueira et al 1999, NTV Junqueira , personal
communication). Starting in 1991, these isolates were
sprayed in commercial operations in at least three rubber-
producing states. Out of these isolates, those named as CPAC
H1, CPAC H3, and CPAC H6 were later examined by the my-
cologist Ludwig Pfenning and based onmorphological assess-
ments were identified as V. lecanii. One unidentified isolate,
which was regularly sprayed on rubber trees by a large farm
in Brazil and named as FTR1 A1, was identified by Richard A.
Humber as Aphanocladium album (Rangel & Correia 2003,
DEN Rangel, personal communication). However, later on,
the French Guianese isolates were deposited in the
A g r i c u l t u r a l R e s e a r c h S e r v i c e C o l l e c t i o n o f
Entomopathogenic Fungal Cultures (ARSEF) by Drauzio E.N.
Rangel as ARSEF 6430 (= CPAC H1), ARSEF 6431 (= CPAC H3),
and ARSEF 6432 (= CPAC H6) and morphologically re-
examined by Richard A. Humber, who considered them to
be Simplicillium lanosoniveum as presently documented at
the ARSEF (Castrillo & Wheeler 2017, LA Castrillo, personal
communication). The Aphanocladium album isolate FTR1 A1
(= ARSEF 6433) was also deposited in the ARSEF collection
and was renamed as Lecanicillium aphanocladii.
Leptopharsa heveae is native to the Amazon rainforest
but was first established in the rubber-producing state of
Mato Grosso (MT) in 1984. The first attempt to biologically
control this pest focused on mass production of fungal iso-
lates on cooked rice. The large-scale production was initiated
in the early 1990s by two government-owned laboratories,
known as “Estação de Aviso Fitossanitário Dr. Milton Correia
da Costa – EAF” and, in a smaller scale, the “Empresa Mato-
Grossense de Pesquisa, Assistência e Exensão Rural –
EMPAER” (Val 1994). Soon after, the mass production was
adopted by a few large rubber operations, such as Fazenda
Triângulo and the French tire company Michelin, both in MT
(Val 1994, Alves 1998). Following the introduction of
L. heveae in the state of Sao Paulo (SP), the mass production
of the isolate IBCB 79, supposedly S. insectorum, was initiat-
ed in liquid medium by the Instituto Biologico in 1997 (JEM
Almeida, personal communication), a public research institu-
tion owned by the state of São Paulo. Over the years, adop-
tion of entomopathogenic isolates in commercial rubber
plantations was carried out in different regions of the coun-
try (Junqueira et al 1987, 1999, Alves et al 2003). For in-
stance, in 2009, in addition to on-farm productions con-
ducted by a few rubber operations, four preparations based
on L. heveae–associated fungi were produced by three state/
local laboratories and one company (Michereff Filho et al
2009). Since its beginning, the annual area sprayed in Brazil
with entomopathogenic fungal agents to control L. heveae
has been in the 10,000–15,000 ha range (Alves 1998, Li et al
2010; Mascarin et al 2019). To our knowledge, fungi are no
longer produced by rubber farmers and currently only one
isolate is beingmarketed, although no registered product has
been made available yet (Michereff Filho et al 2009;
Mascarin et al 2019). Attempts to register a commercial
product based on “Sporothrix” would face difficulties with
regulatory agencies, since many species in this genus are
known to cause severe human and animal diseases
(Kauffman 1999, Zancope-Oliveira et al 2012). Additionally,
the placement of the African isolate S. insectorum CBS
756.73, the ex-type of this species, within the family
Cordycipitaceae into the order Hypocreales was recently sug-
gested, since it does not share the morphological, ecological,
and genetic characters of the true Sporothrix spp., nested in
the order Ophiostomatales (De Beer et al 2016).
Altogether, these results suggest the need for an in-depth
study to properly identify the L. heveae–associated isolates.
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In addition to presenting a historical review of the use of
entomopathogenic fungal agents to control L. heveae in
Brazil, this paper reports the use of multigene phylogeny
aimed at robust identification of a few fungal species/
isolates largely sprayed on rubber trees over the last
decades.
Material and Methods
Historical account
Due to limited information detailing the origin of L. heveae–
associated fungal isolates and their spread in Brazil, we con-
tacted several people who have been directly involved with
their isolation, mass production, and commercialization since
the 1980s. This was accomplished through e-mails, phone
calls, and in-person interviews. Sources such as non-
scientific reports and congress abstracts were also investigat-
ed to help reconstruct the history of this surprisingly inter-
esting biocontrol program. The gathered information is used
in the sections “Introduction,” “Material and Methods,” and
“Discussion.” The names of all contacted people and their
organizations are provided in the “Acknowledgments”
section.
Isolates and their cultivation
Many isolates found associated with L. heveae over the last
decades are no longer available in culture collections. For
example, all L. heveae–associated isolates kept at ESALQ
and used in the PhD dissertation by Tanzini (2002) lost their
viability during storage (I. Delalibera, personal communica-
tion), and this includes ESALQ 1229 used in field applications
by Fazenda Triângulo, a rubber operation in MT state.
Isolates CG883 and FTRI A1 kept at EMBRAPA were also un-
viable, as was an “Hirsutella sp.” isolate mentioned by
Shimazu et al (1994). The municipality-owned EAF plant is
no longer in operation; thus, its isolate sprayed to control
L. heveae (“CPAC 5”) could not be obtained. Despite these
limitations, six isolates originally from L. heveae were includ-
ed in this study, among which five of them sprayed on rubber
plantations over the last years. Isolates CPAC H1 (= ARSEF
6430), CPAC H3 (= ARSEF 6431), and CPAC H6 (= ARSEF
6432) were collected in French Guiana, whereas the uniden-
tified isolates CG422 (= ARSEF 8640) and IBCB 79 (= ARSEF
8639) were isolated in Dom Aquino (MT) and Itiquira (MT),
respectively. The Brazilian isolate IBCB 88 (= ARSEF 8637; CG
882) was also included in our study. Isolates were grown in
150 mL of SDY broth (2.5 g bacto peptone, 10 g dextrose,
2.5 g yeast extract) for 3 days in a shaker at 150 rpm and 25 ±
1°C. Mycelial samples were harvested on filter paper by vac-
uum filtration and stored at − 20°C until use.
DNA extraction, PCR amplification, and nucleotide
sequencing
Mycelial samples were crushed in a mortar under liquid ni-
trogen, and the total genomic DNA extracted using a SDS
(sodium dodecyl sulfate)–based method described by
Raeder & Broda (1985). Partial sequences of the following
genes were amplified by polymerase chain reaction (PCR):
ITS with primers ITS4 and ITS5 (White et al 1990); SSU with
primers NS1 and NS4 (White et al 1990); LSU with primers
LR0R and LR 5 (Vilgalys & Hester 1990); TEF with primers
983F and 2218R (Rehner & Buckley 2005); RPB1 with primers
RPB1-Cr and RPB1-aF (Stiller & Hall 1997); and RPB2 with
primers fRPB2-7cR and fRPB2-5F (Liu et al 1999). The PCR
products were checked by agarose gel electrophoresis and
sent for purification and sequencing (Macrogen Inc., South
Korea) using the same primers.
Sequence alignment and phylogenetic analyses
DNA sequences generated in this study were assembled and
edited with DNA Baser (v5.15.0). Reference sequences were
selected from GenBank (Table 1). Multiple sequence align-
ments of each gene were made with MEGA 5.0.3 by
ClustalW. The program jModelTest (Nylander 2004) was
used to identify the best-fit models of nucleotide substitu-
tions using the corrected Akaike information criteria for each
gene. Identification to the species level was performed
through multigene phylogeny with four loci for those
L. heveae–associated isolates that clustered near the genera
Akanthomyces and Simplicillium, as recently done by Huang
et al (2018). A concatenated alignment [ITS (GTR+G0), LSU
(GTR+G), SSU (GTR+I), and TEF (GTR+G)] was generated with
the Mesquite 3.04 software (Maddison & Maddison 2015).
Finally, to identify to species level the remaining L. heveae–
associated isolates that clustered within Cordyceps, a phylo-
genetic analysis with five loci was performed according to
Mongkolsamrit et al (2018). A concatenated alignment [ITS
(GTR+I+G), LSU (GTR+I+G), RPB1 (SYM+G), and TEF (GTR+I+
G)] was also built using the same software as before.
Analyses of the concatenated alignments were conducted
under the maximum likelihood criterion employing the soft-
ware IS-Tree (Trifinopoulos et al 2016), and bootstrap sup-
port (ML) values were provided. Additionally, we used
Bayesian phylogenetic inference by MrBayes v. 3.2.1
(Ronquist et al 2012), and bootstrap support values were
included in the maximum likelihood trees. Analysis was run
over ten million generations, with tree sampling every 100
generations; the first 25% of trees were discarded prior to
consensus tree calculation. The full alignments were submit-
ted to TreeBASE (https://www.treebase.org), study
accession no. 25926.
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Table 1 Isolates and DNA sequences of taxa used in the phylogenetic analyses.
Designated
species
Strain code GenBank accession codes References
ITS SSU LSU TEF RPB1 RPB2
Akanthomyces
muscarius
CBS 143.62 NR111096 KM283774 KM283798 KM283821 – – Schoch et al (2014), Park &
Shin (unpublished) c
A. attenuatus KACC 42493 – KM283756 KM283780 KM283804 – – Park and Shin (unpublished)
CBS 402.78 AJ292434 AF339614 AF339565 EF468782 – – Zare et al (2000), Sung et al
(2001, 2007)
A. dipterigenus CBS 126.27 (T)b AJ292385 KM283773 KM283797 KM283820 – – Zare et al (2000), Park & Shin
(unpublished)
CBS 102072 – KM283772 KM283796 KM283819 – – Park & Shin (unpublished)
A. sabanensis JChA5 (T) KC633232 KC633251 KC875225 KC633266 – – Chiriví-Salomón et al (2015)
ANDES F1011 KC633244 KC633264 KC633247 KC633272 – – Chiriví-Salomón et al (2015)
A. lecanii CBS 101247 JN049836 KM283770 KM283794 DQ522359 – – Kepler et al (2012), Spatafora
et al (2007), Park & Shin
(unpublished)
CBS 102067 MH862778 KM283771 KM283795 KM283818 – – Vu et al (2019), Park & Shin
(unpublished)
Beauveria
bassiana
ARSEF 1564 (T) HQ880761 – – HQ880974 HQ880833 HQ880905 Rehner et al (2011)
Cordyceps
amoene-rosea
CBS 107.73 (T) AY624168 – MG665224 MF416494 – – Luangsa-ard et al (2005),
Kepler et al (2017),
Mongkolsamrit et al
(2018)
CBS 729.73 AY624169 – MF416551 MF416495 MF416652 MF416446 Luangsa-ard et al (2005),
Kepler et al (2017)
C. cateniannulata CBS 152.83 (T) AY624172 – MG665226 JQ425687 – – Luangsa-ard et al (2005),
Mongkolsamrit et al
(2018), Thanakitpipattana
et al (unpublished)
TBRC 7258 MF140753 – MF140729 MF140850 MF140767 – Mongkolsamrit et al (2018)
C. cateniobliqua CBS 153.83 (T) AY624173 – – JQ425688 – MG665236 Luangsa-Ard et al (2005),
Mongkolsamrit et al
(2018), Thanakitpipattana
et al (unpublished)
C. coleopterorum CBS 110.73 (T) AY624177 – JF415988 JF416028 JN049903 JF416006 Luangsa-ard et al (2005),
Kepler et al (2012)
C. exasperata MCA 2288 – – MF416538 MF416482 MF416639 – Kepler et al (2017)
MCA 2155 – – MF416542 MF416486 MF416643 – Kepler et al (2017)
C. farinosa CBS 111113 (T) AY624181 – FJ765253 GQ250022 MF416656 GU979973 Luangsa-ard et al (2005),
Kepler et al (2017),
Ridkaew & Luangsa-ard
(unpublished)
C. fumosorosea CBS 107.10 (T) AY624184 – MF416556 MF416502 MF416659 MF416453 Luangsa-ard et al (2005),
Kepler et al (2017)
CBS 375.70 AY624183 – – MF416501 MF416658 MF416452 Luangsa-ard et al (2005),
Kepler et al (2017)
C. ghanensis CBS 105.73 (T) AY624185 – MH872340 – – – Luangsa-ard et al (2005), Vu
et al (2019)
C. javanica CBS 134.22 (T) AY624186 – MF416558 MF416504 MF416661 – Luangsa-ard et al (2005),
Kepler et al (2017)
C. kintrischica ARSEF 7218 EU553278 – – GU734751 – – Humber et al (2013), Inglis
et al (unpublished)
ARSEF 8058 GU734764 – – GU734750 – – Humber et al (2013)
C. polyarthra MCA 1009 – – MF416544 MF416488 MF416645 – Kepler et al (2017)
MCA 996 – – MF416543 MF416487 MF416644 – Kepler et al (2017)
C. spegazzinii ARSEF 7850 DQ196435 – – GU734752 – – Torres et al (2005), Humber
et al (2013)
C. tenuipes ARSEF 5135 (T) AY624196 – JF415980 JF416020 JN049896 JF416000 Luangsa-ard et al (2005),
Kepler et al (2012)
TBRC 7265 MF140741 – MF140707 MF140827 MF140776 MF140800 Mongkolsamrit et al (2018)
Isaria cicadae GACP 07071701 KX017277 – MK761212 MK770631 – – Zha et al (2019)
CBS 118231 – KM283775 KM283799 KM283822 – – Park & Shin (unpublished)
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Results
Phylogenetic analyses
The four Leptopharsa-associated isolates largely used in field
applications over the last decades (CPAC H1, CPAC H3, CPAC
H6, and IBCB 79) clearly clustered with Simplicillium
lanosoniveum (Fig 1 and Figs S1-S4). On the other hand, the
ex-type strain CBS 756.73, referred to in the literature as
being Sporothrix insectorum, is clearly misidentified. CBS
756.73 is not even a representative of the family
Ophiostomataceae, which holds the true Sporothrix species
(such as S. schenckii, the type of species of the genus
Sporothrix) or species within the genus Ophiostoma (such
as the type species O. piliferum), which are closely related
to the former genus. Although strain CBS 756.73 is within
family Cordycipitaceae, it did not cluster with species within
the genus Akanthomyces. However, its precise classification
and identification were not possible since we do not hold this
organism in our culture collection, and only its ITS region was
in GenBank at the time that the phylogenetic tree was
constructed.
The remaining Leptopharsa-associated isolates
(CG422 and IBCB 88) were shown to be a single spe-
cies within the genus Cordyceps sp. (Fig 2 and Figs S5-
S9), and further studies will be required to determine
the spec ie s . These i so l a te s were c lo ses t to
C. spegazzinii, but they did not cluster with any of
the many Cordyceps/Isaria taxa used in the tree.
Although not the focus of our work, it is evident that
the genus Cordyceps needs further taxonomic atten-
tion. For example, species such as C. exasperata and
C. polyarthra clustered together and, therefore, are
likely to be a single species.
Table 1 (continued)
Designated
species
Strain code GenBank accession codes References
ITS SSU LSU TEF RPB1 RPB2
Lecanicillium
pissodis
Lecanicillium
uredinophilum
KACC 47756 – KM283759 KM283783 KM283807 – – Park & Shin (unpublished)
KACC 44082 – KM283758 KM283782 KM283806 – – Park & Shin (unpublished)
Ophiostoma
piliferum
CBS 129.32 AF221070 AJ243295 MH866691 – – – Schroeder et al (2001), Vu
et al (2019)
Simplicillium
lanosoniveum
CBS 101267 AJ292395 AF339603 AF339554 DQ522357 – – Zare et al (2000), Sung et al
(2001), Spatafora et al
(2007)
CBS 704.86 AJ292396 AF339602 AF339553 DQ522358 – – Zare et al (2000), Sung et al
(2001), Spatafora et al
(2007)
CBS 123.42 (T) MH856100 – MH867593 – – – Vu et al (2019)
Simplicillium
lamellicola
CBS 116.25 AJ292393 AF339601 AF339552 DQ522356 – – Zare et al (2000), Sung et al
(2001), Spatafora et al
(2007)
Simplicillium
oblavatum
CBS 311.74 AJ292394 AF339567 NG042535 EF468798 – – Zare et al (2000), Sung et al
(2001, 2007), Summerbell
et al (2011)
Simplicillium
schenckii
CBS 359.36 (T) FJ545232 – MH867325 – – – Gujjari et al (unpublished),
Vu et al (2019)
Sporothrix
insectorum
CBS 756.73 (T) MH860798 – – – – – Vu et al (2019)
CPAC H1 a
(= ARSEF 6430; CG887)
MT081942 a MT081950 MT081956 MT140364 This study
CPAC H3 (= ARSEF 6431;
CG889)
MT081943 MT081952 MT081958 MT140366 This study
CPAC H6 (= ARSEF 6432;
CG888)
MT081944 MT081951 MT081957 MT140365 This study
IBCB 79 (= ARSEF 8639; CG
826)
MT081945 MT081953 MT081959 MT140367 This study
CG422 (= ARSEF 8640) MT081946 MT081948 MT081954 MT140368 MT140370 MT140372 This study
IBCB 88
(= ARSEF 8637; CG882)
MT081947 MT081949 MT081955 MT140369 MT140371 MT140373 This study
a Isolates mass produced by public laboratories, companies, or Brazilian rubber operations for field applications against L. heveae are printed in bold.
The GenBank accession numbers for sequences obtained in the present study are also in bold.
b (T) denotes ex-type isolates.
c Unpublished work, according to GenBank.
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Discussion
Our results demonstrate that the entomopathogenic fungal
isolates sprayed in rubber tree plantations in Brazil to control
the lace bug, L. heveae, belong to Simplicillium lanosoniveum
and Cordyceps (formerly Isaria) sp. The DNA loci used in our
work have been employed in many phylogenetic studies. The
overall topologies found in our phylogenetic analyses resem-
ble other mult igene phylogenetic analyses with
Akanthomyces, Simplicillium (Chiriví-Salomón et al 2015;
Huang et al 2018, Zhou et al 2018), and Cordyceps (Kepler
et al 2017, Chen et al 2018, Mongkolsamrit et al 2018). For
example, C. exasperata and C. polyarthra are clustered to-
gether, as previously reported by Kepler et al (2017).
From now on, the former scientific names by which these
isolates were referred to (Hirsutella verticillioides and
Sporothrix insectorum) should be avoided. The ITS analysis
showed that the ex-type of the fungus known as
S. insectorum (CBS 756.73—isolated in Ghana, but arthropod
host not informed by de Hoog 1974) is within the
Akanthomyces clade. Without this isolate in our collection,
we could not obtain the additional sequences to perform the
multigene phylogeny. Clinically relevant Sporothrix species
belong to the order Ophiostomalates and can be easily iden-
tified through sequencing of the ITS region (Zhou et al 2014),
as was also demonstrated in our study. The placement of the
isolate CBS 756.73 within the family Cordycipitaceae in the
order Hypocreales corroborates the misidentification of this
isolate, as recently shown by De Beer et al (2016).
Unfortunately, isolate FTRI A1 was no longer viable in our
collection, and we could not confirm its identity as being
Aphanocladium album (Rangel & Correia 2003). On the other
hand, the French Guianese isolates CPAC H1, CPAC H3, and
CPAC H6, largely used by rubber farmers and previously mor-
phologically identified as H. verticillioides (Rangel & Correia
2003) and then as S. lanosoniveum (Castrillo & Wheeler
2017), had their identity molecularly confirmed as the latter
by multigene phylogeny. Isolate IBCB 79, collected from
L. heveae in the Michelin farm around 1995 (LG Leite, per-
sonal communication) and likely the currently most used
99
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Simplicillium lanosoniveum CPAC H1 
Simplicillium lanosoniveum CPAC H3
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Fig 1 Maximum likelihood (ML)
phylogenetic tree generated
from analysis of a combined ITS,
LSU, SSU, and TEF sequences
dataset. Sporothrix schenckii and
Ophiostoma piliferum are the
outgroup taxa. Ex-type strains
are indicated with superscript T.
Isolates obtained from
Leptopharsa heveae (Hemiptera:
Tingidae) are in bold. Support
values above branches were
given as the Bayesian prior
probability and as the bootstrap
proportions derived from ML
analysis.
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isolate to control L. heveae under field conditions, clustered
together with the French Guianese isolates in our phyloge-
netic tree, reinforcing the hypothesis that, although possess-
ing distinct collection codes, they may all be a single isolate.
Indeed, the nucleotide sequences among isolates CPAC H1,
CPAC H3, CHPA H6, and IBCB 79 were absolutely identical for
the 3601 bps from four different loci (ITS, LSU, SSU, and TEF)
we analyzed in our study (data not shown). On the other
hand, the overall similarity for the isolate which clustered
closest to them (S. lanosoniveum CBS 101267) was 99.67%,
differing in 11 bps. This taxon morphologically resembles
L. lecanii and L. muscarium, but with short-ellipsoidal and
smaller conidia and complete lack of verticillate branching
(Zare & Gams 2001). Simplicillium has been isolated from
insects (orders Hemiptera and Lepidoptera), coffee and soy-
bean rusts, and algae (Zare & Gams 2001; Ward et al 2011,
Dong et a l 2013) . The entomopathogenic i ty of
S. lanosoniveum isolates has been proven under laboratory
conditions, including isolates used in our study (Leite et al
1998, Rangel & Correia 2003, Lim et al 2014).
Two other isolates from L. heveae not currently used in
biocontrol applications, CG422 (from MT and used by farm-
ers in the past) and IBCB 88 (from the Southern region in
Brazil and to our knowledge never applied in rubber fields),
were shown to belong to the Cordyceps clade. Characteristics
of the colony and morphological traits analyzed by our team
(data not shown) support this finding. Identification of these
two isolates to species level based on a phylogenetic analysis
with the five loci suggested by Mongkolsamrit et al (2018)
resulted in Cordyceps sp. Many species within this genus
have been reported in association with homopterans
(Zimmermann 2008, Castrillo & Wheeler 2017), and there-
fore, its association with L. heveae is not surprising.
A number of microbial control agents have been deployed
in Brazil to control agricultural pests. Among the entomopa-
thogenic fungi, the most famous are Metarhizium,
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Beauveria, and Cordyceps (= Isaria). Each of these microor-
ganisms is sprayed on enormous acreages of agricultural
lands. For instance,Metarhizium and Beauveria are annually
sprayed in about 2 and 5 million hectares of sugarcane and
row crops, respectively (Mascarin et al 2019). On the other
hand, some fungi are used in much less showy biocontrol
programs and, as such, are rarely mentioned in the scientific
literature. This is exactly the case with fungi associated with
the rubber tree lace bug. The epizootic potential of these
L. heveae–infecting isolates is worth mentioning. In a field
trial carried out in Planaltina (DF), the fungus formulated as
an oil dispersion (conidia + emulsifiable oil) was capable of
spreading to unsprayed trees, causing 100% mortality of all
target insects at 2 months post application (Alves et al 2003).
Control levels ranging from 70 to 100% at 60 days after
application of the fungus in the rainy season was also
reported by Almeida& Batista Filho (2006). These data agree
with previous detailed reports on the use of fungi to manage
L. heveae, although the importance of favorable climates for
satisfactory control has also been emphasized (Junqueira
et al 1999; Campanhola & Bettiol 2003). According to the
former authors, “S. insectorum” and “H. verticillioides” were
applied together inmany properties by adding 1 kg of fungus-
colonized grains per 15 L H2O, and by randomly spraying only
15 infested trees per hectare, since dissemination of the fun-
gus across the plantation was very likely to occur during the
rainy season.
Despite their somehow restricted area-wide application,
the environmental and economic impact of fungi for
L. heveae management cannot be overlooked. For instance,
Michelin ran an 8000 ha rubber tree operation in the
Brazilian municipality of Itiquira (MT) during the 1978–2009
period (Costa 2015), and starting in 1993/1994, these fungi
allowed a considerable reduction in the costs for L. heveae
control, from US$ 45,000 in 1992/93 when only chemical
insecticides were used, down to US$ 10,000 in the following
agricultural year when the microbial biocontrol strategy was
initiated (Val 1994; Santos & da Silva 2013). In addition to
Michelin, some other large rubber operations in Brazil, such
as Fazenda Triângulo, no longer mass produce fungi. The only
biocontrol company that had a commercial product to con-
trol L. heveae is no longer in the market, and two out of the
three previously mentioned government-owned laboratories
have closed or are no longer involved in the production of
these fungi. Although the cultivation with rubber trees in
escape areas has experienced growth in recent years, the
usage of L. heveae–associated fungi has been steady since
its peak in the 1990s. The highest demand for mycoinsecti-
cides has shifted from MT and SP to states where the lace
bug was introduced in recent years, such as Goiás, Minas
Gerais, and Espirito Santo (JEM Almeida, personal communi-
cation). Interestingly, the demand for the microbial control
of this pest has also increased in Bahia state, in crops planted
in rainforest areas of the Atlantic Forest biome, which has
conditions similar to the Amazon rainforests. Nevertheless,
the use of trees more tolerant of M. ulei associated with
other management practices has allowed the cultivation of
rubber trees despite the presence of this pathogen (NTV
Junqueira, personal communication).
Most isolates used in our study (e.g., CPAC H1, CPAC H3,
CHPA H6) have been well characterized for important traits
in biological control, such as virulence (Rangel 2000, Rangel
& Correia 2003) and tolerance to UV-B radiation (Dias et al
2018) and heat (Souza et al 2014). The registration of mycoin-
secticides targeting L. heveae could boost the adoption of
these fungi in Brazil and other countries in which this pest
is also a problem, such as Colombia (Sterling et al 2016).
Moreover, these fungi could be used in other crops attacked
by tingids, such as oil palm, in which “S. insectorum” isolated
from L. heveae efficiently controlled L. gibbicarina under lab
and field conditions (Ordonez-Giraldo 1993). The findings
presented in our study represent a major step forward in
resolving the taxonomy of L. heveae–associated fungi.
Although we were unable to include all fungal isolates
sprayed in the past on Brazilian rubber plantations, the iso-
lates incorporated in our work were, and at least one still is,
used by rubber farmers. Importantly, we demonstrated that
none of the L. heveae–associated fungi belongs to the true
Sporothrix and, therefore, have no relation with human and
animal diseases. As a practical consequence, we expect that
the registration of mycoinsecticides targeting L. heveae may
become a reality in the near future.
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